High-dimensional entanglement has exhibited its massive potential in increasing channel capacity and resistance to noise in quantum information processing. However, its distribution is quite a challenging task, imposing a severe restriction on its application. Here we report the first distribution of three-dimensional orbital angular momentum(OAM) entanglement via a 1-km-length OAM fiber. Using an actively-stabilizing phase precompensation technique, we successfully transport one photon of a three-dimensional OAM entangled photon pair through the fiber. The distributed OAM entangled state still shows a fidelity up to 71% with respect to the three-dimensional maximalentangled-state (MES). In addition, we certify that the high-dimensional quantum entanglement survives the transportation by employing generalized Bell inequality, obtaining a violation of ∼ 3 standard deviations with I3 = 2.12 ± 0.04. The method we developed can be extended to higher OAM dimension and larger distance in principle. Our results make a significant step towards future OAM-based high-dimensional long distance quantum communication.
The distribution of quantum entanglement between separated parties offers a potential platform in quantum communication and distributed quantum computing, which is an essential component in establishing largescale quantum network. The polarization of photons, which is easy to manipulate and highly resistant to turbulence in air, is now widely applied in long-distance quantum experiments [1] [2] [3] [4] . Nevertheless, quantum information encoded in polarization imposes a serious limitation on its application, as the polarization of photons resides only in two-dimensional state space.
High-dimensional entanglement shows the superiority [5] , because increasing the dimensionality of state space allows for more complex structures of entanglement [6] [7] [8] [9] [10] , leading to stronger nonclassical correlation [11] . Encoding in multi-dimensional state space shows the advantage not only in increasing channel capacity but also improving the tolerance to noise or eavesdropping in secure quantum communications [12] [13] [14] [15] [16] [17] [18] [19] . To employ highdimensional entangled state, various photonic degrees of freedom (DOFs) are suitable candidates, such as orbital angular momentum (OAM) [6, 9, 10, [20] [21] [22] , path [23] , energy-time [24, 25] and its discrete version named timebin [26, 27] .
Among these DOFs, OAM is an intrinsic property of photons. Its discrete topological charge guarantees an infinite dimensional Hilbert space naturally. Such a prop-erty allows for encoding large amount of information per photon and its dimension scalability is much more desirable compared to other DOFs, of which the number of analysis settings is increasing as the dimension grows. How to distribute OAM entanglement is challenging and has attracted much attention.
One way to distribute OAM entanglement is free space propagation, for which inspiring results have been achieved recently, including transmission of superposed OAM modes through 3 km distance [28] and twodimensional spin-orbit hybrid entanglement distribution at the same length [29] . However, it is worth noting that the atomospheric turbulence will be a great obstacle to overcome in this way [30] [31] [32] [33] [34] . And the spiral wave front distortion and beam wander in strong turbulent atmosphere may lead to difficulty in performing coherent phase flatten measurement of OAM [35] [36] [37] . The alternate incoherent detection scheme [28, 29] is restricted in two dimension ( and − ), and is hard to realize measurement of specific superposition, such as (|0 + |1 ) / √ 2, let alone high-dimensional entangled state analysis and quantum tomography. With this respect, optical fibers as channels for OAM entanglement photons exhibit comparative advantage over free space. It has been shown that special designed optical fibers can support OAM modes propagation [38] [39] [40] [41] [42] [43] [44] [45] [46] . In the meanwhile the breakthrough of terabit-scale data transmission in fiber via OAM mode multiplexing [47] brought hopeful perspective about OAM-based quantum information processing.
Inspired by great achievements in transmission of classical Laguerre-Gaussian beams [38, [48] [49] [50] [51] , in this work we investigate the possibility of transmitting highdimensinal OAM through fiber. Some achievements about fiber-based spatial entanglement distribution have been made by utilizing hollow-core photonic crystal fiber(HC PCF) [52] and polarization-maintaining stepindex fiber (Thorlabs PM1300-HP) [53] . However, only two dimensional entanglement can be identified and the transmission distance is just 30 cm in Ref. [52] and 40 cm in Ref. [53] . The main difficulties of sending OAM entangled states through long-distance fiber lie in two aspects: First, the signal is extremely weak, i.e., in single photon level, thus is sensitive to photon loss and crosstalks. Second, quantum resource of entangled state is very sensitive to phase noise among different OAM modes, especially the strong decoherence which is inevitable if we attempt to distribute entanglement beyond dimension two, which has not been settled in previous works. These two facts are completely different from classical OAM fiber communications. In our experiment, several developments has been made to overcome these problems. First, we develop a high quality three-dimensional OAM entanglement source with a rather high fidelity of 0.888 ± 0.007. Besides, we experimentally identify the intermodal dispersion simply using coincidence instrument, and we further design an actively-stabilizing precompensation module to eliminate this intermodal dispersion. Finally the mode matching between entanglement resource and fiber is well accomplished in order to reduce crosstalk among different OAM modes. With these measures we successfully transport one of the three-dimensional OAM entangled twin photon through a 1 km fiber. Then we reconstruct the density matrix after transportation by quantum tomography [54] , quantifing a high surviving fidelity up to 0.71 ± 0.02 with respect to 3*3 maximally entangled state. Furthermore, certification of three-dimension entanglement is approved by testing CGLMP inequality [11] with the violation about 3 standard deviations (I 3 = 2.12 ± 0.04) .
Result

Generation of three-dimensional entangled source
In our experiment, entangled photons are produced by type-II collinear spontaneous parametric downconversion (SPDC) . The schematic experimental setup is depicted in Fig. 1 . A continous-wave (CW) 775-nm laser beam is coupled by a single mode fiber (SMF) to obtain pure Gaussian pump beam. At the output of SMF, the pump beam is demagnified by a pair of lens (not shown in Fig. 1 ) and is injected to a 10-mm-long periodically poled potassium titanyl phosphate (PPKTP) crystal. The power of the pump beam is 36 mw and beam waist in crystal is ω 0 175 µm. The centre wavelengths of the generated signal and idler photons are degenerate at λ A = λ B = 1550 nm, where subscripts A and B label the parties for Alice and Bob respectively. Then, the pump beam is blocked by dichroic mirrors. The OAM state of the photon pairs can be described in terms of 
Here, C 0 , C 1 and C 2 depend on the pump beam profile, crystal length and ratio between pump waist and down-converted beam waist [55, 56] . We optimize parameter of optical elements to prepare a 3*3 OAM entangled source, then we perform the quantum tomography to reconstruct the density matrix (shown in Fig. 2 ) which shows a desirable fidelity with respect to threedimensional maximal entangled state (MES), F source = Ψ M ES |ρ SP DC |Ψ M ES = 0.888 ± 0.007, and the purity P source = T r ρ 2 = 0.83 ± 0.01. Details are shown in Supplementary Materials.
Pre-compensation module and phase-locking implementation
The twin-photons are separated by polarizing beamsplitter (PBS), then the idler photons are directly imaged to spatial light modulator (SLM) in Alice's part to perform the analysis of LG modes by employing phaseflatten measurement (the green painted area in Fig. 1 ). It is the most common method which transforms the corresponding LG mode to Gaussian mode that can be collected by SMF. The signal photon, which to be transmitted, is fed to the precompensation module first, as is drawn in the red painted area in Fig. 1 . This part is critical in the experiment because the intermodal dispersion among different OAM modes inevitably lead to decoherence, therefore high-dimensional entanglement would be destroyed in few centimeters [52, 53] . With regard to transmision of OAM classical light field, photonic state in each pulse lies in OAM eigenstate deterministically, and intermodal dispersion just causes the optical delay between different eigenstates, which could be easily cancelled by tuning the electrical delay of their device, thus would not hinder OAM modes recognition. While in quantum regime, due to the quantum superposition, photonic state could reside in different OAM eigenstates simultaneously. Meanwhile, there exists stable relative phase among these eigenstates. Intermodal dispersion will introduce time tags to these states, and analyzing in OAM degree of freedom (DOF) is equal to tracing out other DOFs, which makes the photonic state mixed, i. e., relative phase is missing and these eigenstates are unable to interfere and become distinguishable. In other words, it acts as a dephasing channel of which strong docoherence will quickly destroy the entanglement. In our work, we experimentally determine the intermodal dispersion (see METHOD) and devise a setup to introduce reverse dispersion to pre-compensate it before entering the 1-km fiber. The precompensation module is comprised of two cascaded interferometers and a locking system. The former interferometer is an OAM sorter which serves as a parity check to convert the different OAM to polarization according to their topological charge . We redesign the traditional MachZehnder OAM interferometer [57] into Sagnac interferometer for a more robust phase stability. A half wave plate (HWP) is used to rotate polarization of signal photon into (|H + |V ) / √ 2 before entering the OAM sorter. Then OAM modes with odd topological charge = ±1 are converted to horizontal polarization and the even one ( = 0) to vertical. In the following unequal-arm MachZehnder interferometer they are separated into different paths so we can manipulate them individually. The OAM modes with = ±1 will enter the short arm and = 0 will enter the U-shaped long arm. To precompensate the intermodal dispersion which will occur in the OAM fiber, a dove prism in the U-shaped arm is mounted on a translation stage for arm-length tuning. Furthermore, to stabilize relative phase in the entangled state, a phase-locking system is applied to the latter Mach-Zehnder interferometer (depicted in Fig. 3 ). After the two cascaded interferometers, we recombine the different LG modes and erase the polarization degree of freedom by a half wave plate (HWP) and a polarizing beam spliter (PBS). This setting has advantages of not only erasing the polarization but also concentrating the three-dimensional entangled state, as we can vary the transmittance of = ±1 and = 0 so as to make the spiral spectrum of OAM entanglement state more flatten.
Subsequently, the signal photon is coupled into a 1 km long home-designed OAM fiber (see supplementary material for fiber details), which supports OAM modes with = 0, ±1, ±2. It is noteworthy that the mode matching in this fiber must be done with very high precision. There exists plenty of eigenmodes supported by OAM fiber. Analogous to coherent mode detection, the transmission of OAM states relies on the axis-dependent Figure 3 . This locking system is composed of a 775 nm laser beam, two photodetectors, and a piezoelectric transducer (PZT, mounted on the dove prism). Here the phase of the photonic state is locked by 775 nm classical light separated from pump laser beam. The power of reference light fed into U-shape interferometer is monitored by a tunable beam splitter consisting of a HWP and a PBS@775 nm. The other detector is used to get the feedback signal. The two bluish cubes are broadband PBSs whose spectrum response covers the 775&1550 nm.
decomposition of it. Only with the OAM fiber being perfectly aligned to a specific axis can the OAM states be correctly decomposed to corresponding modes in fiber. This so-called mode matching process is necessary such that arbitrary photonic OAM state could survive in the fiber transmission. How to realize mode matching in single photon level is elaborated in Supplementary Materials. At the output of the fiber, the transport is completed by choosing a proper direction of polarization with a polarizer. A QWP and a HWP is enough for all polarizing directions on the Bloch sphere. Then the signal photon is imaged to spatial light modulator for Bob's analysis.
Verification of Distributed state through tomographic reconstruction
The reconstructed density matrix of the entangled state after transportation is presented in Fig. 4 . Note that a wave-division-multiplexing (WDM) with 0.5 nm channel bandwidth is inserted in the part of Bob's analysis. Application of WDM not only decreases the bandwidth of the photon but also significantly enhance the entanglement. The signal photon may undergo evolution in the OAM fiber, this evolution will introduce relative phase to each term of entangled state but not do harm to entanglement as it is only phase shift and bit flip of = ±1. To confirm the quality of the distributed entanglement, we evaluate the fidelity with respect to threedimensional MES. The MES can be represented by
Reconstructed density matrix of (a), (c) the twin-photon state after transportation and (b), (d) the chosen MES. 81 measurement settings required for quantum tomography are represented by projectors pi ⊗ pj(i = 1, 2, . . . , 9), where p k = |ϕ k ϕ k |. |ϕ k is selected from the folllowing set:
with differrent values of θ and ϕ corresponding to different MES. Here, a global search is carried out to find a MES which makes the highest fidelity. With θ = 0.98 × 2π and ϕ = 0.07 × 2π we have the fidelity
.02, and the purity P = T r ρ 2 = 0.564 ± 0.027.
Three-dimensional entanglement declaration
This fidelity suffices to certify entanglement beyond two dimension [58] (see Method). To further illustrate three-dimensional entanglement we observed, we employ a generalized Bell inequality (CGLMP inequality) for qutrit [11] which is the most common tool for analyzing quantum nonlocality in high dimension [59] [60] [61] . The Bell expression in three dimension is
where
We search for the specific measurement settings A 1 , A 2 and B 1 , B 2 to maximally violate the inequality (see Supplementary Material). Based on local realism, Bell expression must obey the inequality I 3 ≤ 2. While by choosing the proper set of variables, we obtain I 3 = 2.12 ± 0.04. The violation exceeds the classical bound about 3 standard deviations. The experimental value of I 3 sufficiently proves the existence of three-dimensional entanglement.
When the photon propagates through the OAM fiber, it may result in phase shift among different OAM modes and bit flip between |−1 and |1 . Consequently, the entangled states may be different before and after transportation, but it can be neglected since it doesn't deteriorate the nonlocality which we really care about. If necessary, some methods could be taken to correct them.
Discussion
The most challenging task we deal with is maintaining the phase relation of quantum entangled state. We make efforts in this direction from two aspects: offsetting decoherence and stabilizing relative phase. Each aspect is composed of several measures. To deal with the decohrence in OAM fiber, The precompensation module only reacts against phase damping between = 0 and = ±1 (2.4 ns intermodal dispersion). As for the dispersion between = 1 and = −1 which is extremely small even for 1-km-length fiber but does exist, we insert the WDM to narrow the bandwidth to 0.5 nm, of which its coherent time is much larger than the dispersion. Besides, three steps are taken in union for stabilization of phase relation. We redesign the Sagnac OAM sorter and apply a locking system to unequal-arm MachZehnder interferometer. Finally, The OAM fiber should be put into temperature control, because the intermodal dispersion varies as the temperature fluctuates, hence the phase relation between each term of entangled state will not be stable. Considering this problem, we put it in a sealed adiabatic box with the temperature fluctuation controlled within ±0.01 K.
In summary, we have experimentally demonstrated, for the first time, 1-kilometer-long distribution of threedimensional OAM entanglement via OAM fiber, paving the way for photonic OAM's application in large-scale high dimensional quantum communication tasks. The high fidelity (∼ 0.88) of our three-dimensional OAM entangled source combined with careful mode matching into the OAM fiber and the phase precompensation technique enable a successful transmission with a moderate output-state-fidelity F = 0.71, and assure the certification of three dimensional entanglement by generalized Bell inequality. The fidelity we achieved can be a benchmark for the future work. For further improvements in the future, optimizing the OAM fiber for less intermodal dispersion and crosstalk are useful approaches. Due to the low efficiency of our single photon detectors in this experiment, by using high-efficiency superconducting single photon detectors instead, our system can be extend to even longer distance, for example, tens of kilometers. By using another OAM fiber which support higher order of Laguerre-Gaussian modes, and cascading more OAM sorters or taking advantage of another type of OAM sorter which could separate several OAM modes simultaneously [37] , our system is extendable to higher-dimensional entanglement. Besides, a narrowband(MHz) and high brightness OAM entanglement source is required for interfacing with quantum memory, atomic or ion system after large-scale entanglement distribution. We believe that our result will motivate further experimental research into novel protocol of longdistance high-dimensional quantum communications. Since we have performed the quantum tomography and obtain the fidelity F after distribution. We then employ the method developed in previous work [58] to certify the 3-dimensional entanglement. In the following text, we bound the maximal overlap between the chosen highdimensional state and states with a bounded Schmidt rank d. If the fidelity reveals a higher overlap than this bound, the justification of at least (d + 1)-dimensional entanglement is proven.
The Schimidt decomposition of the assumed highdimensional state is described as |ϕ = 
Then we introduce two operators in the form of
where P d is a rank d-projector which always exists if B * is of rank d, as |φ d is also of Schmidt rank d. Combining these equations, we have 
|i i|, we get the upper bound of F d for ddimensional entangled states with a simple fomula
On the other hand, By choosing a specific
i=1 λ i |ii , we find that
Thus we find a tight bound for witness of (d + 1)-dimensional entanglement
.4ns Figure 5 . Identify the intermodal dispersion with coincidence module. The normalized coincidence rate (vertical coordinate) is the ratio between each measured coincidence rate and their sum. The horizontal coordinate represents the optical delay between the signal and idler photons. The blue dots represent the coincidence rates for of |00 and the orange dots are for |11 . The intermodal dispersion is estimated by performing Gaussian fitting (blue and orange lines) with the data.
For d = 2, this bound is found to be 2 3 . Referring to the fidelity F we experimentally obtained, the result we get can only be explained by an at least three dimensionally entangled state
The witness is also held for mixed state which would only lower the bound due to the convexity of fidelity.
on-site determination of intermodal dispersion
An on-site method is developed with UQD devices coincidence logic unit to obtain the intermodal dispersion with pretty high precision up to 156 ps, which is accomplished by tuning the delay time of the coincidence module and observing the interval between two coincidence count events (|00 and |11 ) being 2.4 ns approximately (See Fig. 5 ). It is convenient and efficient of which the accuracy is only subject to the temporal resolution of coincidence module (156 ps in our experiment). Time jitter makes no difference to measurement because it only broadens the wave packets of coincidence count but does not alter the interval of their peaks.
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We would like to thank Zongquan Zhou , Zhiyuan Zhou, Xiao Liu, Zhaodi Liu for beneficial discussion and technical support. This work was supported by the National Natural Science Foundation of China (Grant Numbers 61490711, 61327901, 11734015, 11474268, 11804330 The orbital angular momentum (OAM) is conserved in the spontaneous parameter down-conversion process (SPDC) and hence SPDC is the most convenient and efficient method to generate high-dimensional OAM entanglement state. However, in practice, such a method can only generate the non-maximally entangled state. The fidelity of the generated state to maximally entangled state (MES) is related to the crystal length L, pump waist ω p , signal (idle) photon waist ω s (ω i ) [55] . Generally, we often use thin crystal such as beta barium borate (β−BBO) to generate the entangled state with large quantum spiral bandwidth or high fidelity [62] .
In our work, giving consideration of coincidence counting rate, using thin BBO for high fidelity seems to be a romantic scheme due to the low detection efficiency at 1550 nm of single photon detector (about 12% for our InGaAs detector). We have to sacrifice the fidelity for considerable coincidence counting rate and seek for another parameter and concentration process to enhance the fidelity. Here we choose 10-mm-long periodically poled potassium titanyl phosphate (PPKTP) crystal. The pump beam is demagnified by a pair of lenses with the focal length f = 125 mm and f = 25.4 mm, then the nearly parallel beam is injected to PPKTP with the beam waist in crystal being ω p ∼ 175 µm. After that PPKTP is directly imaged to two SLMs for analysis using a lens with the focal length f = 150 mm.
In image plane, the corresponding OAM state is transformed back to Gaussian beams by hologram embedded to SLM. This phase flatten detecting method is the most common way for generating and analyzing orbital angular momentum state. To improve the quality of highdimensional entangled state, the hologram embedded in SLM contains intensity and phase modification simultaneously [63] . This method is typically used to encode the amplitude and phase of an optical field into a phaseonly hologram, which is feasible to generate and analyze Laguerre-Gaussian mode precisely [64] . The hologram is designed to imprint the modified phase structure then superimposed by a blazed grating modulo 2π. In addition, we can shape the amplitude of the diffracted beam by multiplying the phase hologram with the desired modified amplitude function. Thus the SLM hologram is presented by
, the two modulation functions are described as
where φ and A are the phase and amplitude distribution of desired OAM state respectively; 2πx/Λ denotes the phase of the blazed grating with period of Λ along the x coordinates. Here L is a normalized bounded positive function of amplitude , i.e, 0 ≤ L ≤ 1, which corresponds to the mapping of the phase depth to the diffraction efficiencies of the spatially dependent blazing function. Finally after the OAM state is transformed to Gaussian mode, the photon is collected by a single mode fiber (SMF) and fed to single photon detector (SPD). There is a typical problem when using SLM and SMF to analyze the OAM states. As is discussed in previous work [65] , the conversion of OAM state and Gaussian mode can never been done perfectly, since although the phase can be flattened, the field retains its ringed intensity pattern and is therefore nontrivial superposition of purely radial modes, of which only the fundamental one is collected by SMF. Such a drawback leads to the difference of detecting efficiencies among OAM states. To deal with it, we place a pair of lenses with focal length f = 125 mm before SMF . The spacing of two lenses is carefully adjusted to balance the coupling efficiencies of different OAM modes. This method, which is so called Procrustean filtering, is a valid way for entanglement concentration.
After the above steps, we perform the quantum state tomography to quantify the quality of our highdimensional entanglement resource. In order to characterize the quality of the entanglement source, we calculate the fidelity with respect to maximally entangled state (MES). We note that the pump beam profile, photons travelling in nonlinear crystal PPKTP, and the relative rotation between two SLMs may introduce additional phase to entangled state, but did not do harm to its nonlocality. Taking this into account, we do a global search to find one MES which is closest to the reconstructed quantum state. The MES is described by
the reason for which the twin photons do not exhibit OAM anti-correlation is that one of the twin photons suffers reflctions by mirror for odd times but the other does even. With θ = 1.02π, ϕ = 0.98π, the highest fidelity between the constructed density matrix ρ and
II. EIGENMODES IN FIBER AND MODE MATCHING PROCESS
The OAM modes are not eigenmodes of our OAM fiber, but it is possible to decompose OAM modes into superposition of eigenmodes in our OAM fiber. For example, we write the | | = 1 mode as following
The superscripts ± over the OAM represent the right(+) or left(-) circular polarization of photonic state. The four vector modes HE even 2,1 , HE odd 2,1 , TM 0,1 and TE 0,1 , designated as LP 11 modes in the scalar approximations, are first higher order eigenmodes of which the effective refractive index are nearly degenerate. The two HE 21 modes are strictly degenerate and have an effective refractive index n ef f distinct from TE 01 and TM 01 . The effective index of TE 01 and TM 01 are also slightly different. Nevertheless, discrepancy of n ef f among these four modes is extremely small.
In our experiment, the four vector modes are all involved. The near degeneracy of multitude modes other than desired modes implies more likely crosstalk. Therefore, the mode matching is tough especially in single photon level where the light is invisible. However, on the other hand, decoherence between = 1 and = −1 becomes weak because of tiny intermodal dispersion. In the main text, the precompensation module is used to make an offset to intermodal dispersion (2.4 ns) between = 0 and = ±1. As for dispersion between = 1 and = −1, we could simply employ a wave-divisionmultiplexing (WDM) with 0.5 nm channel bandwidth, making coherent time much larger than the intermodal dispersion.
Analogous to coherent mode detection, the transmission of OAM states relies on the axis-dependent decomposition of it. Only with the OAM fiber being perfectly aligned to a specific axis can the OAM states be correctly decomposed to corresponding modes in fiber. For the sake of this purpose, multidegree-of-freedom search, i. e., transverse position, angle of arriving, polarization, has to be performed in our work. Careful adjustment of fiber coupler (FC mount) is required to search for a proper transverse coupling position and receiving angle. A quarter wave plate (QWP) and a half wave plate (HWP) is utilized to find the proper polarization of input state. The polarization controller is used to bend and impose stress to the OAM fiber rather than control the polarization. These steps should be performed back and forth to gradually make mode matching perfect. At the output of the fiber, the transport is completed by choosing a proper direction of polarization with a polarizer.
The OAM fiber we design is a step-index fiber. It has a core radius of ∼ 9.5 µm, a cladding radius of ∼ 62.5 µm, and a core cladding refractive index difference of ∼ 5 × 10 −3 , as is used in our previous work [66, 67] .
This , is calculated using a full-vector finite-element mode solver, and is shown in [66] .
III. OBSERVABLES FOR MAXIMALLY VIOLATING CGLMP INEQUALITY
The two possible observable settings, A 1 , A 2 and B 1 , B 2 are local observables on each side. There are three possible outcomes for each measurement, denoted by its eigenvalues 0, 1, 2. According to local realism, the Bell expression is subject to the inequality I 3 ≤ 2. But quantum mechanics suggests that 3-d entanglement will lead to violation of this inequality if the observables is chosen properly.
The optimized observables for maximizing the violation are presented as following Although the searching algorithm may become trapped at local maximum, we still observe about 3 standard deviation I 3 = 2.12 ± 0.04 which is sufficiently strong to violate the local realistic models.
